This study investigated effectiveness of negative ionic air purifier in lowering the concentration of particles in a closed test chamber. The performance test was carried out in a closed test chamber under natural decay, as well as with an air mixing mechanism. Compared with natural decay, the air mixing mechanism could reduce particles concentration better (under the flow field condition). However, air change rate effect is limited in super cleanrooms that require suitable approaches to enhance control of particles concentration and to raise the effective cleaning rate of negative ionic air purifier. This study investigated the concentration gradient of particles at various heights and distances from the source of negative ions. Experiment results indicate that performance near the negative ionic purifier was better than in the rest of the cleanroom. In terms of height, the highest removal efficiency was observed at a height of 60 cm from the floor; it decreased substantially with increase in height. The empirical curves fit based for the concentration gradient of NAI generated was developed for estimating the NAI concentration at different heights and distances from the source of negative ionic air cleaner.
INTRODUCTION
The generation and storage of static charge during TFT-LCD production occurs primarily on the glass panels themselves, although other objects may also get charged. Neutralizing static charge on an insulator like glass requires the use of air or nitrogen gas ionization, particularly in cleanrooms required for TFT-LCD production. Air ionization is recognized as the most effective means of neutralizing static charge on glass panels and is widely used in TFT-LCD production facilities. Static charge levels during the production process are frequently higher. High production speeds are required to achieve profitability, often imply that ionizers must reduce the static potential in a very short period of time. To meet the requirements for neutralizing high levels of static charge in short periods of time, adequate quantity of high density negative air ions must be supplied.
Negative air ionizers are typically applied to clean air indoors. Daniels (2002) reported that negative air ions (NAIs) reduce aerosol particles, airborne microbes, odors and volatile organic compounds (VOCs) in indoor air. The removal of aerosol particles using NAIs is efficient Wu and Lee, 2003) . The operating principle of an ionic air cleaner is ion emission through corona discharge; the unipolar ions then electrically charges airborne particles, causing them to either repel each other or deposit on nearby surfaces through image charges or static electrification. In addition, some ionic cleaners act as electrostatic precipitators; directional ionic wind creates air and particles flow over precipitation plates and particles are charged and deposited onto these plates. Several studies have been conducted to test the ability of ionic cleaners to remove particles from the air Grinshpun et al., 2001; Niu et al., 2001; Grinshpun et al., 2004 Grinshpun et al., 2005) . These studies have detected and quantified large reductions in airborne particulate matter due to the presence of unipolar ions. found that particles concentrations of between 0.4 and 2.5 μm underwent a 20-fold reduction after one hour of ionization in an unoccupied chamber of volume 50 m 3 . A study examining wearable ionizers (Grinshpun et al., 2001) found that particle removal efficiency of the ionizer was 80% after 30 minutes and 100% after 1.5 hours in a 2 m 3 chamber. A later study by Grinshpun et al. (2005) tested commercially available ionic air cleaners in a 2.6 m 3 chamber and found that the unit which produced the most ions demonstrated 100% particulate matter removal within 10 to 12 minutes for particle sizes between 0.3 and 3.0 μm. tested commercially available ionic cleaners in a 24.3 m 3 test chamber and found that a 30 minute operation of the device, which produced the most ions, resulted in removal of about 95% of 1.0 μm particles from the air above, which was beyond the decay rate, due to particle settling. These studies clearly indicate that ions can facilitate reduction of airborne particulate matter. The limitation of the aforementioned studies, however, is that they have used uninhabited chamber environments to study the effect of ions on air quality, and have not challenged ionic air cleaners with real-life environments. Unlike in test chambers, in real indoor living spaces, airborne particles can be generated continuously by various activities of the inhabitants and infiltration of outdoor particles through the building envelope.
Common ionizers use ionization to decompose molecules in the air. This method not only produces negative ions, but also produces adjunctions like positive ions and ozone, etc. Negative ions occur commonly throughout nature and can create an overall sense of well-being. Positive ions are positively charged molecules (positively charged carbon dioxide) and are believed to have negative health effects on human health. Despite the positive influence of negative ions having already been understood by most people, applications have been limited. Negative ionic air purifiers using the Polymer Fusion Technology (PFT) to compound (fusion) the C 60 series of carbon materials with other materials (like carbon/oxygen materials) changes physical, chemical and electric attributes of ionized particulate matter. More importantly, use of environmentfriendly materials (excluding the eight major toxicant heavy metal pollutes), which can be decomposed after high-temperature heating, ensures compliance of global environment protection standards. The high or super-high molecular weight of chemosynthesised fullerene materials implies extraordinary properties unseen in physical and chemical research on delicate ions. Materials with such features have effective static reduction capabilities as they generate large amounts of pure OH -electrons, commonly known as negative ions. The product reduces the static resulting from machine operation and operator motion. It quickly pushes airborne particles, dust, and residual spray paint toward the ground, and restricts airborne particles to a height of 10 cm from ground level. As a result, airborne particles will not continue to float, accumulate, and attach to each other. As large quantities of airborne particles are removed, defect rate in manufacturing can be decreased significantly.
The main objective of this study is to determine the particle (0.1-0.5 μm) removal efficiency of the negative ionic air purifier in a closed chamber that simulated a confined cleanroom environment. Effects of air mixing, height from the floor, and distance from the source of NAI generation in the chamber on the performance of the negative ionic air purifier will also be investigated.
MATERIALS AND METHODS
The tests were conducted in a closed chamber made of stainless steel (SUS-304), which was earthed. In the testing chamber a temperature of 24 ± 1°C and relative humidity of 45 ± 2% was maintained by an air-conditioning system. The geometry of the chamber and locations of devices and instrumentation were as shown in Fig. 1 . The devices contained a fan to re-circulate chamber air through the negative ionic air purifier.
An ultrasonic nebulizer (Model: UN-808, Sigma Medical Supplies Corp. Tapei, Taiwan) was used to generate particles from polystyrene latex sphere (PSL), the particle source (injection velocity can be neglected); more than 75% of particles had diameter of 0.12 μm, and concentration at the source point was approximately 106 particles/ft3. PSL and deionized water were mixed in a concentration ratio of 50 mL per 1 gallon (3.8 liters). Negative ionic air purifier with an output rate of 2 × 10 6 ions/cm/sec (Average negative ion concentration was 6 × 10 5 ions/cm 3 ) was directed towards the middle of the chamber. The Specification of the negative ionic air purifier was shown in Table 1 . Investigated the influence of air ionization at different distances (30, 50, 70, and 90 cm, from itself) and at different heights (60, 80, 100, and 120 cm) from the floor, on the filtration process. A multi-point laser particle counter (Model: Pacific Scientific Model Met One 2100.10, Ashtead Technology) was used to monitor particle concentration in the test chamber and the specification was shown in Table 2 .
PRINCIPLE
The negative ionic air purifier was as shown in Fig. 2 . Used as the medium for generating negative ions, the conducting high polymer is made up of carbon nano-tubes and OH -. A small amount of electricity flows through, the conducting high polymer creates molecular resonance with OH -, generating large amounts of electrons. When the electrons bond with air molecules, negative ions are formed. Each generating mechanism releases up to two million negative ions per square centimetre.
First, the natural decay of particles concentration was determined. Prior to the test, particles were generated and mixed in the chamber for 30 min so that they were uniformly distributed. Then the particle counter began recording the data (t = 0) starting from the initial concentration C 0 . It operated continuously for 1 h, and the aerosol concentration C t was measured. Particle concentration decay was analyzed using the following equations: 
where C is particle concentration (number 1/ft 3 ); C 0 and C t are initial concentration of target particles and concentration at time t, respectively (number 1/ft 3 ); t is the residence time (min); k is the decay coefficient of particle concentration (1/min); and, k n and k a are the decay coefficients of particle concentration associated with natural decay and NAI, respectively (1/min). The coefficients of C 0 , C t and t were measured in each experiment. The decay coefficient (k) is a regression coefficient in an exponential regression analysis, specified by Eq. (2). Subscripts of k n and k a refer to natural decay and NAI, respectively. Particle removal efficiency was determined as follows: (Grinshpun et al., 2005) ( , 0) ( , ) ( , 0)
Natural decay depends on air mixing conditions in the chamber. Therefore, the tests were conducted in calm air condition as well as with the re-circulation fan operating at flow rate of 0.682 m 3 /s. To quantify the efficiency of particle removal caused exclusively by ion emission, the air cleaning factor (ACF) was determined. For every particle size, ACF is defined as the ratio of concentration of particles at a specific time point during the natural decay process to concentration measured at the same time point when the ion emitter was operating : Fig. 3 plots concentrations of 0.1 to 0.5 μm particles versus time under natural decay and NAI application below 6 hours. The results reveal that the reduction in particle concentrations when NAI was applied exceeded that associated with natural decay in Fig. 3 . NAI of 0.1 to 0.5 μm particles was faster than that of natural decay of 0.1 to 0.5 μm particles. Fig. 3 showed regression equations of particle concentration decay. Results of the regression analysis showed that all correlation coefficients for decay of particle concentration versus time exceeded 0.9975. Table  3 summarizes k a and k n for each size of particles. Each decay coefficient was an average over five repeats; standard deviations of decay coefficients were less than 10 %. The data showed that k n values for natural decay of particles followed the order 0.5 μm > 0.3 μm > 0.2 μm > 0.1 μm. The order of decay coefficient (k a ) of the particles was 0.1 μm > 0.5 μm > 0.2 μm > 0.3 μm. Calculation of k a -k n obtains the net effect of NAI application for each size of particles. The maximum net effect of NAI application for each size of particles was for 0.1 μm and the minimum net effect of NAI application was for 0.5 μm. The decay of particle concentration under NAI application was higher than that for natural decay . Fig. 4 demonstrates how particle removal efficiency varies with particle size. It is seen that removal efficiency provided by the negative air purifier increases by as much as two times compared with no ion emission in case of smaller particles of size ~0.3 μm, and approaches 95% when the particle size reaches ~0.5 μm, with as well as without ion emission.
RESULTS AND DISCUSSION

Natural Decay and Negative Air Ionization
The particle removal efficiency of natural decay and negative air ionization as a function of particle size is shown in Fig. 5 . Removal efficiencies greater than 90% were accomplished for particles smaller than 0.1 μm and larger than 0.5 μm, and decreased to about 65-90% for particles 0.2-0.4 μm. These results imply that particles 0.2-0.4 μm, which have been traditionally difficult to charge by means of natural decay and negative air ionization, can be effectively charged and collected in both case of larger particle 0.5 μm. The loss in efficiency at smaller sizes (0.2-0.4 μm) in Fig. 5 is due to they require higher number of charges per particle to acquire comparable electrical mobility. Fig. 6 shows the overall particle removal efficiency as a function of time for natural decay, and negative ionic air purifier, when operating in calm air. Particle removal efficiency for natural decay increased gradually from 9-50% at t = 210 min to about 50-67% at t = 330 min. The data demonstrate that air cleaning provided by the negative ionic air purifier reached considerable levels after it had continuously operated for more than one hour; particle concentration in the chamber decreased by a factor of 2 (removal efficiency = 50%) after 80 min and almost fivefold (removal efficiency = 80%) after 150 min.
The negative ion emission produced by the ionic air purifier significantly cleaned the air of particles of size ~0.3 μm, but for particles of size ~0.5 μm ACF-values were not so high (see Table 4 ). The difference between the data obtained for sizes 0.3 μm and 0.5 μm was statistically insignificant. Fig. 7 showed that particle removal efficiency of negative ionic air purifier with air mixing was higher than under pure negative ionic air purifier condition. The time taken for achieving 90% particle removal efficiency was reduced from 240 to 80 min, from 310 to 90 min, from 310 to 90 min, and from 240 to 90 min, for particle sizes of 0.1, 0.2, 0.3, and 0.5 μm, respectively. The air currents intensify ion propagation in the chamber and enhance ion-particle interaction (Cyrys et al., 2004; Wallace et al., 2004; Grinshpun et al., 2005; Berry et al., 2007) . This makes particle charging by air ions more efficient and consequently increases particle removal efficiency when air mixing is operational.
Effect of Air Mixing
Effect of Distance from the Ion Source and the Height from the Floor
Vertical distribution of particle removal efficiency was determined by measuring particle concentration at varying heights; h = 60, 80, 100, and 120 cm (Fig. 8) . The data indicate that height also plays a more important role in particle removal. The measurements indicate that particle removal efficiency by negative ionic air purifier substantially varies with its height from the floor, which has implications for its ability to effectively reduce airborne particulates at levels above its own height (60 cm). As seen in Fig. 8 , particle removal efficiency decreased with increase in distance from negative ionic air purifier. We believe that this difference in particle removal efficiency is due to the difference in distance and the limited horizontal diffusion of ions. The data indicate that height has a greater impact on particle removal efficiency value than horizontal distance (Berry et al., 2007) . Table 5 depicts the average NAI concentration versus the distance from the ion source at different height from the floor. The concentration of NAI in the height between 60 cm and 120 cm decreased when the distance increased. The regression analysis of the average NAI concentration and the height from the floor showed that a exponent- ) of the exponent-linear regression were 0.9926−0.9976 at different distance from the ion source Berry et al., 2007) . Also Table 5 depicts the average NAI concentration versus the height from the floor at different distance from the ion source. The concentration of NAI in the distance between 30 cm and 90 cm increased when the height increased. NAI concentration and the distance from the ion source showed that a exponent-linear regression line indicated a strong correlation between distance and NAI concentration within a specific distance. Regression results showed that the correlation coefficients (R 2 ) of the exponent-linear regression were 0.9933−0.9994 at height from the floor.
CONCLUSIONS
This study investigated effect of NAI on particles concentration in a test chamber. It was shown that continuous emission of negative air ions can efficiently control ultrafine aerosol pollutants in cleanrooms. The particles are charged primarily by the diffusion charging mechanism. Effects of air mixing and of distance from negative ionic air purifier were studied. We found that there vertical diffusion of ions was limited. Experiments indicated that particles removal efficiency near the negative ionic air purifier was better in areas that were close to the negative ionic air purifier (in operational mode). Air mixing in the closed chamber enhanced the air cleaning effect. The highest particles removal efficiency was observed at a height of 60 cm from the floor. Considering the NAI concentration and two factors (height and distance), an empirical curve fit of concentration gradient of NAI was developed to estimate the concentration of NAI.
